ABSTRACT. Long-term radiation exposure is hazardous to health; late-onset effects of exposure to ionizing radiation (IR) pose risks to the lens, and are associated with other non-cancerous diseases. Individuals occupationally exposed to low-dose IR are prone to developing eye cataracts. Cytogenetic evaluations suggest that IR is associated with chromosomal aberrations in occupationally exposed individuals. However, data regarding the association between chromosomal aberrations in cataract patients and occupational exposure to IR is scarce. Therefore, we aimed to report the characteristics of chromosomal aberrations in cataract patients from a Chinese population, occupationally exposed to IR. We found that the average age and frequency of numerical chromosomal aberrations were significantly lower in the exposed patients as compared with that in the non-exposed patients. In addition, the frequencies of dicentric and acentric chromosomes were significantly higher in the exposed patients as compared with those in the non-exposed patients. Therefore, chronic occupational exposure to IR affects cataract development in the Chinese population. The age of cataract patients exposed to IR was significantly lower than the age of cataract onset in normal individuals. Based on this study, we suggest that there is an urgent need for improved radiation safety and eye protection in individuals exposed to IR in the work place.
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INTRODUCTION
Long-term radiation exposure can have negative impacts on health, and late-onset health effects of ionizing radiation (IR) have been identified by long-term, large-scale epidemiological studies (Kamiya et al., 2015; Zhou et al., 2016) . IR has long been known to raise the risks of cancer (Abbott, 2015) . In addition, low-dose IR may increase the risk of lens opacity as well as some other non-cancerous diseases (Tucker, 2008; Hammer et al., 2013; Vano et al., 2013; Kamiya et al., 2015; Kreuzer et al., 2015) . Studies have shown that individuals occupationally exposed to low-dose IR are susceptible to heart diseases and eye cataracts (Wakeford, 2009) . Various factors affect cataract susceptibility, such as age and radiation (Shore et al., 2010; Wang et al., 2015) . Epidemiological studies have provided further evidence regarding the potential risk of low doses of radiation on cataracts (Jacob et al., 2010) . For example, there are greater incidences of radiation-associated lens changes in interventional cardiology workers, radiologists, and radiologic technologists (Chodick et al., 2008; Milacic, 2009a; Vano et al., 2010; Jacob et al., 2013) .
Cytogenetic evaluations suggest that an environmental agent is responsible for altering chromosomal aberrations in individuals with occupational exposure (do Amaral et al., 2015) . IR is a classic mutagen capable of inducing unstable chromosomal aberrations (Saberi et al., 2013) . This was demonstrated by higher incidences of chromosomal alterations in exposed workers as compared to those in controls (Cardoso et al., 2001; Chen et al., 2014; Han et al., 2014) . In the present study, we report on the association between chromosomal aberrations in cataract patients and occupational exposure to IR in the Chinese population.
MATERIAL AND METHODS

Patients
The subjects were recruited among cataract patients who sought diagnosis and treatment in the ophthalmology outpatient's clinic of the First Hospital of Jilin University. Between January 2013 and December 2015, karyotyping was carried out in 127 cataract patients. This was a single-center study, and assessments of occupational exposure to ionizing radiation were carried out in the form of questionnaires. The study protocol was approved by the Ethics Committee of the First Hospital of Jilin University, Changchun, China. Written informed consents were obtained from all participants prior to enrolment into the study.
Questionnaire
An elaborate questionnaire on the patients' occupation, working conditions, age, education level, smoking history, and past medical history was given to each patient. Patients occupationally exposed to IR, including radiologic technologist, radiologist, and interventional cardiologist, were asked to provide the years of IR exposure.
Cytogenetic analysis
G-banding of metaphase chromosomes and karyotype analysis were performed according to published methods (Zhang et al., 2015) . Peripheral blood samples (0.5 mL) from all patients were collected into sterile tubes containing 30 U/mL heparin. After a 72-h incubation period, lymphocytes were cultured in solution (Yishengjun, Guangzhou Baidi Biotech, Guangzhou, China), and were treated with 20 mg/mL colcemid for 1 h. For each individual, 200 metaphases were analyzed per slide. Dicentric, tricentric, structural, and numerical abnormal chromosomes were counted.
Statistical analysis
All data were analyzed using the SPSS v.17.0 software for Windows (SPSS, Inc, Chicago, IL, USA). Parametric variables were compared via the independent Student t-tests or c 2 tests. All results are reported as means ± SD or percentages. P < 0.05 was considered to be statistically significant.
RESULTS
Of the 127 cataract patients in this study, 52 patients were occupationally exposed to IR, and 75 patients were not. The occupationally exposed patients all worked in various hospitals with diagnostic or therapeutic radiation facilities. Of the 52 exposed patients (28 men and 24 women), those that operated IR-associated instruments for more than five years were considered to be chronically exposed to low-dose radiation. The average age of these patients was 50.27 ± 5.64 years, and the average years of IR exposure in those individuals were 9.29 ± 2.84 years. Of the 75 non-exposed subjects (41 men and 34 women), the average age was 59.69 ± 4.90 years. Results suggested that the occupationally exposed cataract patients were younger than the non-exposed cataract patients (P < 0.001).
Results indicated that the number of patients with abnormal karyotype was significantly higher in the exposed patients as compared with that in the non-exposed patients (P < 0.001) ( Table 1) . Total chromosomal numbers detected in abnormal karyotypes are shown in Table 2 . Total chromosomal abnormalities were found in 92 and 47 cells of all exposed and non-exposed patients, respectively. In addition, dicentric and acentric chromosomes were significantly higher in the exposed patients as compared with those in the non-exposed patients (P < 0.01). Frequency of numerical abnormal karyotypes was found to be significantly lower in the exposed patients as compared with that in the non-exposed patients (P < 0.001). There was no statistical difference in structural abnormal karyotypes between the exposed and nonexposed men (P > 0.05). To determine the degrees of chromosomal aberrations, 200 metaphases were analyzed per patient. Frequency of chromosomal aberration was significantly higher in the exposed patients as compared with that in the non-exposed patients (P < 0.001) ( Table 3 ).
Data are reported as N (%); a c 2 -test; *P < 0.001 compared with non-exposed group. a c 2 -test, *P < 0.01; **P < 0.001 compared with non-exposed group.
ChA: chromosomal aberration; data are reported as means ± SD, a Student's t-test; *P < 0.001 compared with nonexposed group. Table 3 . Frequencies of chromosomal aberrations in exposed and non-exposed groups. 
DISCUSSION
The health risks arising from exposure to low doses of IR have been identified in previous studies (Kamiya et al., 2015) , and should be re-evaluated (El-Saghire et al., 2013) . The incidences of cataracts are closely associated with IR exposure (Shore et al., 2010; Kleiman, 2012) . Milacic (2009a) reported that occupational exposure to low doses of IR is a significant factor for cataract development. Epidemiological studies have provided clear evidence regarding the potential risks of radiation-associated lens changes in the eyes of workers occupationally exposed to IR (Jacob et al., 2010; Vano et al., 2010; Ciraj-Bjelac et al., 2012) . It is known that accommodative capability of the eye depends on an individual's age, the absorbed dose, and duration of IR exposure (Sergienko and Fedirko, 2002) ; in individuals exposed to various doses of IR, it was found to be reduced in younger patients. However, Auvinen et al. (2015) reported that the frequency of lens opacities did not increase in physicians with occupational exposure to IR. Therefore, we studied chromosomal aberrations in cataract patients from a Chinese population occupationally exposed to IR. We found that the average age of exposed patients was significantly lower than that of non-exposed patients.
Cytogenetic studies have demonstrated that low levels of chronic radiation exposure can potentially increase the frequency of chromosomal aberrations and aneuploidy in somatic cells (Kasuba et al., 2008) . Ciraj-Bjelac et al. (2012) reported radiation-associated posterior lens changes in the eyes of interventional cardiology staff. However, despite these study results, risk factors to the eyes are often overlooked. Until recently, IR was considered a deterministic factor for cataract development (Hammer et al., 2013) . As a result, mechanical shielding from these radiations was recommended in order to minimize the development of radiation-induced cataracts (Lipman et al., 1988) . However, one study reported that the frequency of lens opacities did not increase in physicians with occupational exposure to IR . In this study, we detected greater abnormal karyotypes in IR exposed patients than in non-exposed patients. The frequencies of dicentric and acentric chromosomes were also significantly higher in the exposed patients as compared with those in the nonexposed patients. Numerical chromosome abnormality was significantly lower in the exposed patients as compared with that in the non-exposed patients. These results were consistent with previous studies (Jha and Sharma, 1991; Cardoso et al., 2001; Santovito et al., 2014) .
Chronic long-term exposure to low doses of IR could increase chromosomal aberrations in hospital workers (Santovito et al., 2014) . The cumulative effects of low-level chronic IR exposure are higher for those occupationally exposed to IR (Saberi et al., 2013) . Similar to previous studies (Barquinero et al., 1993; Kasuba et al., 2008; Milacic, 2009b; Han et al., 2014) , we found that chromosomal aberrations were significantly elevated in the exposed patients as compared with that in the non-exposed patients.
In summary, chronic long-term occupational exposure to IR affects cataract development in the Chinese population. The age of cataract onset in patients occupationally exposed to IR was significantly lower than that of non-exposed individuals. The elevated number of chromosomal aberrations in individuals exposed to IR suggests that there is an urgent need for improved radiation safety and eye protection.
